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FLUID HYDRAULICS 
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* C. I. S.E. , Milan, I t a l y  

\\3\0 #fA. 
Two-phase f l u i d s  present  more than  a dozen types of outflow, 

i n  c o n t r a s t  t o  monophase f l u i d s  f o r  which t h e r e  are only  two: lam- 

i n a r  and tu rbu len t .  The C.I.S.E. l a b o r a t o r i e s  have been p a r t i c u -  

l a r l y  i n t e r e s t e d  i n  dispersed annular  outf low,  which can be 

def ined as outf low cha rac t e r i zed  by h igh  l i n e a r  v e l o c i t y  and by a 

l i q u i d  phase d i s t r i b u t i o n  in  t h e  form of d r o p l e t s  i n  t h e  gaseous 

phase and a very t h i n  layer adhering t o  t h e  w a l l s  of t h e  outf low 

channel.  

Some i n t e r e s t i n g  conclusions have been deduced t o  d a t e  from an  

examination of t h e  experimental  r e s u l t s  concerning t h e  th ickness  

of t h e  l i q u i d  f i l m  as a func t ion  of d i f f e r e n t  phys i ca l  v a r i a b l e s  

coming i n t o  p l ay  (dynamic v a r i a b l e s  and phys ica l  p r o p e r t i e s  of  t h e  

two phases i n  motion),  and concerning t h e  d i s t r i b u t i o n  of t he  li- 

quid phase i n  t h e  cen te r  of t he  cana l .  Experiments wi th  h e a t  f l u x  

have confirmed t h e  hypothesis  t h a t  t he  l i q u i d  f i l m  on t h e  heated 

w a l l s  p l ays  a very important r o l e  i n  determining t h e  

mechznism. 

NOMENCLATURE 

Pipe diameter  

F r i c t i o n  f a c t o r  

Note: Numbers i n  the  margin i n d i c a t e  pag ina t ion  i n  o r i g i n a l  
fo re ign  t e x t .  



Y 

T (dyne/cm") 

CP (w/cm2) 

Gravi ty  a c c e l e r a t i o n  

Spec i f i c  y i e l d  

Spec i f i c  y i e l d  wi th  r e s p e c t  t o  the  a v a i l -  

ab l e  c r o s s  s e c t i o n  (having t h e  diameter 

D-2s) 

Thermal exchange c o e f f i c i e n t  

Thickness of l i q u i d  f i l m  

Y i e l d  r a t i o :  r a t i o  i n  weight between t h e  

y i e l d  of t he  gaseous phase and the  t o t a l  

y i e l d  

Tota l  y i e l d  

Temperature d i f f e r e n c e  

Pressure  decrease  pe r  u n i t  of l eng th  

Thermal conduc t iv i ty  

Viscos i ty  

Density 

Unitary t a n g e n t i a l  t ens ion  

Heat f l u x  

INDICES 

I n  hea t  f l u x  experiments,  w i th  zero f l u x  

With r e s p e c t  t o  "burn-out" 

With r e s p e c t  t o  t h e  evapora t ion  process  
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0 

W i t h  r e s p e c t  t o  the  gaseous phase 

With r e s p e c t  t o  t h e  l i q u i d  phase 

With r e s p e c t  t o  the  mixture  

With r e s p e c t  t o  the  annular-dispersed 

t r a n s i t  i on  

1. Two-phase outf low can be defined a s  an outf low where two d i s t i n c t  

phases  a r e  p r e s e n t :  gas - l iqu id ,  gas - so l id ,  l i q u i d - s o l i d .  I n  the  a r t i c l e  

which fo l lows ,  w e  a r e  only concerned wi th  gas - l iqu id  systems i n  which t h e  

gas  and t h e  l i q u i d  can be two d i s t i n c t  subs tances  o r  one s i n g l e  substance.  

Two-phase outf lows can p e r t a i n  t o  a g r e a t  many more types than  is 

*L - - 2 L L  _^-^-I--- - - - . -C l - - - -  
L L L E  Laac W I L L L  LuuiLupldac U U L L I U W ~ ,  i r i  wi i ic i i  oniy a iaminar outf iow and a 

t u r b u l e n t  outf low can be d is t inguished .  I n  add i t ion ,  t h e  p ipe  arrange-  

ment ( v e r t i c a l  i n  an upwards d i r e c t i o n  o r  i n  a downward d i r e c t i o n ,  horizon- 

t a l ,  i n c l i n e d )  i s  of g r e a t  importance, cons ider ing  t h e  f a c t  t h a t  c e r t a i n  

types of  outf low are only p o s s i b l e  in some of these  arrangements.  

For purposes of  abbrevia t ion ,  from t h i s  p o i n t  on w e  s h a l l  des igna te  

a s  "dispersed outflows" t h e  two-phase outf lows having r e l a t i v e l y  h igh  

y i e l d  r a t i o s ,  cha rac t e r i zed  by the  con t inu i ty  of the  gaseous phase,  whi le  

t h e  l i q u i d  i s  t o  a g r e a t  e x t e n t  d i spersed  i n  t h e  form of d r o p l e t s  i n  t h e  

gas  c u r r e n t .  Never the less ,  i n  genera l ,  one p a r t  of t h e  l i q u i d  forms a 

cont inuous f i l m  adhering t o  t h e  walls of t h e  p ipe  (Figure 1). Annular 

outf lows des igna te  outflows i n  which t h e  l a r g e s t  p a r t  of t he  l i q u i d  phase 

i s  d i s t r i b u t e d  i n  t h i s  way i n  contac t  w i th  t h e  w a l l s .  The outf low type,  

bo th  under a d i a b i a t i c  condi t ions  and wi th  h e a t  t ransmiss ion ,  depends on 
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Figure 1 

the s p e c i f i c  y i e l d s ,  t h e  geometric condi t ions ,  and t h e  phys ica l  p r o p e r t i e s  

of t h e  two phases.  

I n  t h i s  l a t t e r  case, as t h e  y i e l d  r a t i o  changes, several d i f f e r e n t  

types  of  outf low can occur  a t  the  same time along the  p ipe .  

i n  a v e r t i c a l  p ipe  fed  by l i q u i d  water ,  one can pass  from a monophase 

regime t o  a regime wi th  l o c a l  e b u l l i t i o n  on t h e  hea ted  w a l l ,  then t o  an 

e b u l l i t i o n  regime w i t h i n  t h e  f l u i d  m a s s ,  t o  d i spersed  annular  outf low,  t o  

pu re ly  d ispersed  outflow, and f i n a l l y  t o  superheated vapor,  i . e . ,  t o  mono- 

phase out f low again.  The t r a n s i t i o n  from e b u l l i t i o n  w i t h i n  t h e  f l u i d  m a s s  

t o  d i spe r sed  annular  outf low occurs  when t h e  s e c t i o n  of t he  p ipe  occupied 

by t h e  vapor i s  almost equal  t o  t h a t  occupied by t h e  l i q u i d .  

t i o n  can  be  accompanied by y i e l d  o s c i l l a t i o n s  under c e r t a i n  cond i t ions ,  

which c h a r a c t e r i z e s  another  type of  outflow c a l l e d  "stopper" outf low,  

where, p e r i o d i c a l l y  i n  time, t h e  zones r i c h e r  i n  water are followed by 

zones r i c h e r  i n  vapor.  

For example, 

This  t r a n s i -  
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Dispersed outf low which is  always p re sen t  i n  the  t r a n s i t i o n  from the  

. l i q u i d  phase t o  t h e  gaseous phase has been s tud ied  i n  o u t  l abora to ry  both 

under a d i a b i a t i c  cond i t ions  and wi th  h e a t  t ransmission.  

2 .  Dispersed outflow under a d i a b i a t i c  condi t ions  has  been s tud ied  

i n  the  case of a water-vapor system f o r  water ,  and i n  t h a t  of systems 

having two components i n  a high p res su re  c i r c u i t  a t  room temperature .  

The p r i n c i p a l  c h a r a c t e r i s t i c s  of t h i s  c i r c u i t  can be summarized as 

fo l lows  : 

a)  Type of gas :  argon o r  n i t rogen  under va r i ed  p res su re ;  t h i s  made 

i t  p o s s i b l e  t o  s tudy t h e  e f f e c t  of gaseous phase v i s c o s i t y  wi thout  changing 

t h e  d e n s i t y ;  

b )  Gas p res su re :  from 25 kg/cm2 t o  atmospheric p re s su re .  With one 

gas ,  t h i s  made it p o s s i b l e  t o  s tudy  the e f f e c t s  of a change i n  d e n s i t y  

wi thout  an apprec iab le  change i n  v i s c o s i t y ;  

c)  Type of l i q u i d :  water and e t h y l  a lcohol .  This  made it p o s s i b l e  

t o  s tudy  t h e  e f f e c t  of a change i n  su r face  t ens ion  wi thout  changing t h e  

v i s c o s i t y  and the  dens i ty  i n  a no t i ceab le  way; 

d)  Temperature: by changing the  water temperature from 14 t o  37OC, 

a f a c t o r  of I114 i t  was p o s s i b l e  t o  vary  t h e  v i s c o s i t y  of  t h e  l i q u i d  phase by - 
c l o s e  t o  two without  an apprec iab le  change i n  i t s  d e n s i t y  o r  i n  i t s  

s u r f a c e  t ens ion ;  

e) S p e c i f i c  y i e l d s  and y i e l d  r a t i o s :  

Gtot from 30 t o  300 g/cm2s, 
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X from 8% t o  80%; 

f )  Geometry: c y l i n d r i c a l  and annular p ipes .  

Among those  experiments which were c a r r i e d  ou t  by changing t h e  d i f f -  

e r e n t  phys i ca l  p r o p e r t i e s ,  w e  would l i k e  t o  p o i n t  o u t  t h e  fol lowing:  

a ' )  Measurement of t h e  l i q u i d  f i l m  th ickness  on the  w a l l s  by 

measuring i ts  e l e c t r i c  r e s i s t a n c e  between two upr igh t  s e c t i o n s  of t he  

p ipe ;  

b ' )  Measurement of t he  d i s t r i b u t i o n  of  t he  phases and t h e  v e l o c i t -  

i es  w i t h i n  t h e  p ipe  by means of  a P i t o t  tube  and by an i s o k i n e t i c  probe; 

c ' )  Measurement of t h e  t o t a l  amount of  l i q u i d  i n  t h e  test s e c t i o n  

by means of a b e t a  r ay  absorp t ion ;  

Measurement of t h e  r a p i d  f l u c t u a t i o n  i n  p re s su re  wi th  a "press- 

u r e  r ece ive r "  having low i n e r t i a ;  

d ' )  

e ' )  Measurement of t h e  t o t a l  p ressure  loss  along t h e  p ipe  by means 

of a d i f f e r e n t i a l ,  column manometer. 

3 .  Without wishing t o  go i n t o  the  d e t a i l s  of t h e  measurements he re ,  

w e  would l i k e  t o  p o i n t  ou t  t h a t  t h e  most i n t e r e s t i n g  phys ica l  q u a n t i t i e s  

are t h e  v e l o c i t y  d i s t r i b u t i o n  of the two phases w i t h i n  t h e  p ipe  and the  

p o r t i o n  of t h e  s e c t i o n  occupied by the l i q u i d  phase.  The th i ckness  of 

t h e  l i q u i d  f i lms  on t h e  w a l l s  p l ays  an important r o l e  i n  determining 

t h i s  quan t i ty .  The remainder of t h i s  a r t i c l e  i s  devoted t o  a p r e s e n t a t i o n  

and a d i scuss ion  of t h e  r e s u l t s  obtained i n  the  case of c y l i n d r i c a l  p ipes .  

F igure  2 shows t h e  r e s u l t s ,  obtained under t h e  cond i t ions  s p e c i f i e d  above, 

der ived  from t h e  measurement of t h e  f i l m  th i ckness  us ing  t h e  method 
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FQure 2 
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desc r ibed  under s e c t i o n  a '  i n  paragraph 2 .  

corresponding t o  cons t an t  y i e l d  r a t i o  show gauss ian  behavior ,  as a func t ion  

of G1. 

l i q u i d  f i l m  on t h e  w a l l  is subjec ted ,  is  p ropor t iona l ,  i n  t h e  f i r s t  approx- 

imat ion,  t o  t h e  square of t he  t o t a l  s p e c i f i c  y i e l d  which - f o r  a cons tan t  

y i e l d  r a t i o  - i s  p ropor t iona l  t o  the  s p e c i f i c  y i e l d  of t h e  l i q u i d ,  an 

examination of t h e  curves sugges ts  the fol lowing p ropos i t i on :  

It can be seen  t h a t  t he  l i n e s  

4 

Since it can be assumed t h a t  t he  t a n g e n t i a l  t ens ion ,  t o  which the  

11s = - krd7 

i . e . ,  t h e  th ickness  v a r i a t i o n  corresponding t o  cons t an t  y i e l d  r a t i o  is 

p r o p o r t i o n a l  t o  t h e  th ickness  i t s e l f  and t o  t h e  v a r i a t i o n  of t h e  s u r f a c e  

t e n s i o n  dT a t  the  d ispersed  con tac t  p o i n t  l i qu id -cen te r .  

The i n t e g r a t i o n  of equat ion  (1) must be made wi th  s e v e r a l  p recaut ions .  

Since t h e  outflow is  d i spe r sed ,  one can assume t h a t  i t s  phys ica l  l i m i t  is 

pu re ly  annular  outf low,  without the  l i q u i d  d r o p l e t s  being c a r r i e d  along i n  

the  c e n t e r  of t h e  flow. 

( th i ckness  f o r  pu re ly  annular  outflow) f o r  7 = T ~ ,  where T~ i s  t h e  tangent-  

i a l  t e n s i o n  f o r  annular  outflow. We then  have: 

The l i m i t i n g  cond i t ion  s = so can then  be  made 

Since  70<<  T i n  a l l  t h e  cases  s tud ied ,  so can be  determined i n  

p r a c t i c e  by e x t r a p o l a t i o n  of t h e  experimental  va lue  of s f o r  GI-0. 

However, one shoudd no t  f o r g e t  t h a t  t h i s  e x t r a p o l a t i o n  has  no phys ica l  

s i g n i f i c a n c e ,  

outf low types  

because,  by reducing GI t o  0 f o r  t he  cons t an t  y i e l d  r a t i o ,  

would be encountered which a r e  no t  represented  by (1). 
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The va lue  of so can a l s o  be  ca l cu la t ed  t h e o r e t i c a l l y ,  provided t h a t  

an hypothes is  is made regard ing  the  phenomenon which determines t h e  

t r a n s i t i o n  from dispersed  outf low t o  annular  outf low.  According t o  t h e  

von Kannan c r i t e r i o n ,  w e  can d e f i n e  a non-dimensional t h i ckness :  

where T is  always the  t a n g e n t i a l  t ens ion  a t  t h e  l i qu id -cen te r  con tac t  

p o i n t .  

( f o r  which 

Taking the f a c t  i n t o  account t h a t  there  are no d r o p l e t s  a t  the  c e n t e r ,  

one can w r i t e  as a f i r s t  approximation: 

One can p o s t u l a t e  t h a t ,  f o r  a p a r t i c u l a r  numerical  va lue  so +- 
T = T ~ ) ,  pure ly  annular  outf low is  no longer  poss ib l e .  

( 4 )  g i v e s  the  p re s su re  l o s s  of a gas  having d e n s i t y  p i n  a s o l i d  p ipe  

of diameter  D. The express ion  f o r  the f r i c t i o n  f a c t o r  f ' ,  i n  which 

g 

p1 w a s  introduced i n  p l ace  of p t akes  t h e  f a c t  i n t o  account t h a t  t h e  g y  

laminar  th ickness  of t h e  f l u i d  i n  contac t  wi th  t h e  w a l l s  i s  made up of 

l i q u i d ,  and not  of  gas .  

The y i e l d  of t h e  l i q u i d  f i l m  i s  given by: 
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/115 where f ( s o  +) depends on the  v e l o c i t y  p r o f i l e  t n  the  l i q u i d  film.We then - 
have : 

From (3) ,  (4), (5), and (7) we can deduce: 

where a l l  t he  cons tan ts  a r e  grouped i n  A.  

I n  Figure 3 

was given a s  a func t ion  of 

1-2. ( 2 s,, ' 1 

Y P--- J )  - 1 

f o r  water  a t  cons tan t  temperature and two d i f f e r e n t  diameters .  It 

can be seen  t h a t  t he  c o r r e l a t i o n  of so i s  s a t i s f a c t o r y  by choosing 

A = 0.114 and n = 0.27. 

4.  I n  order  t o  be ab le  t o  d raw the  curve s/so a s  a func t ion  of 

T i  - T O ,  i t  is necessary t o  know t h e  va lue  of ~ i .  

t h e  f o r c e s  between the  two s e c t i o n s  1 and 2 of t h e  p ipe ,  assuming t h a t  

t he  s t a t i c  p re s su re  has  the  same value throughout the  e n t i r e  s e c t i o n ,  

makes i t  p o s s i b l e  f o r  us t o  w r i t e :  

The equi l ibr ium of 

10 



where A p / A z  i s  t h e  p re s su re  decrease per  u n i t  of p i p e  length  and 

is  the  r e a l  dens i ty  of t he  mixture  in  the  p ipe .  

p m  

c I 

Figure 3 

This  q u a n t i t y  is d i f f i c u l t  t o  measure, because it is  necessary t o  know 

t he  l ~ c a l  d i s t r i S u t i ~ ~  ~f t h ~  phases, ~ h t ~ h  VGS ~ i i l j r  II? G i i i  2838 f o r  

a l i m i t e d  number of p o i n t s .  

t i o n  the  fol lowing expression can be used: 

I f  p, is no t  known, by way of an approxima- 

which l eads  t o  a value of ii( 

( r l i  > T i ) .  

measured va lue  and so was ca l cu la t ed  with (8) ), a r e  given a s  a func t ion  

of ri, when one knows 

i n  the  two p a r t i c u l a r  ca ses .  It can be seen t h a t  t h e  va lue  of K i n  (2) 

is almost a s  cons tan t  i n  the  case  of water a s  i t  i s  i n  t h e  case  of a lcohol ,  

b u t  f o r  a lcohol  its va lue  i s  very d i f f e r e n t .  This can be a t t r i b u t e d  t o  

the  d i f f e r e n c e  between the  su r face  tension of t he  two l i q u i d s .  

7 1 i )  which i s  a l i t t l e  d i f f e r e n t  

I n  any case ,  i n  Figure 4 the  va lues  of s/so(where s is  t h e  

P,, or of r! . Diagrams 4a and 4b show the  d i f f e r e n c e  
1 

5.  There is  every reason to  be l ieve  t h a t  t h e  th ickness  of t h e  

l i q u i d  f i l m  a t  t he  w a l l s  p lays  a very important r o l e  i n  t h e  h e a t  t r a n s f e r .  
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. I  

I n  t h e  p a r t i c u l a r  case of t h e  water-vapor system f o r  water, i n  a g r e a t  

many experiments it was found t h a t  the thermal exchange c o e f f i c i e n t  f o r  

a d i spe r sed  outf low is, wi th in  the  d i spe r s ion  l i m i t  of  experimental. 

va lues ,  a l i n e a r  func t ion  of t he  hea t  f l u x :  

On the  o t h e r  hand, i f  it i s  assumed t h a t  t h e  f i l m  i s  no t  the  

source  of t h e  e b u l l i t i o n ,  t h e  t o t a l  decrease i n  temperature between 

t h e  hea t ing  su r face  and t h e  two phase f l u i d  i s  the  sum of t h e  two t e r m s  

AT1 +AT, ,  i n  which the  former is  caused by t h e  passage of h e a t  a long 

the l i n r i i r l  Ilyer & i c h  is pr=bsb?y s~pc rhea ted ,  and La ca.lised by 
‘Y”” 

t h e  evapora t ion  process  and t h e  i n t e r n a l  s u r f a c e  of t he  l i q u i d  f i lm .  

One can  w r i t e :  

From (11) and (12), w e  then obta in :  

For @--to, s = s ( th i ckness  under a d i a b i a t i c  cond i t ions )  and a 

t h e r e f o r e :  

12 
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I f  w e  make t h e  p o s t u l a t i o n  t h a t  t h e  "burnout" cond i t ion ,  q, = q, 

is  reached when t h e  l i q u i d  f i l m  th ickness  is n e g l i g i b l e ,  (it is  not  of 

I117 c '  - 
g r e a t  importance t o  e s t a b l i s h  the  f a c t  of whether i t  i s  r e a l l y  0 o r  

whether i t  is destroyed by mechanical i n s t a b i l i t y  under these  con- 
s 

d i t i o n s )  we  have: 

A t  cons t an t  p re s su re  and temperature,  i s  cons t an t ;  t he  experiments 

For hc t h e  follow- showed t h a t  @ i s  a l s o  cons tan t  o r  v a r i e s  very l i t t l e .  

ing  express ion  i s  obta ined ,  under the s l i g h t l y  r e s t r i c t i v e  hypotheses of 

high y i e l d  r a t i n :  

(17) 
I t ,  = (GS)O.* D-0.2 

W e  then have: 

where a l l  t h e  cons t an t s  are brought toge ther  i n  B ( fo r  cons t an t  diameter) .  

I n  F igure  5 ,  t h e  curve of sa, deduced from t h e  measured va lues  o f + C  is 

drawn us ing  an a r b i t r a r y  scale f o r  one p a r t i c u l a r  case .  As can be r e a d i l y  

seen ,  t h e  behavior  of sa very  c l o s e l y  resembles t h a t  deduced from t h e  

a d i a b i a t i c  measurement shown i n  Figure 2 .  

6 .  I n  conclusion,  it can be s t a t e d  t h a t  t h e r e  i s  no doubt t h a t ,  

i n  d i spersed  two-phase outf lows,  t h e  a d i a b i a t i c  experiments a r e  of 

14 
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. 
g r e a t  h e l p  i n  i n t e r p r e t i n g  the  h e a t  t r a n s f e r  phenomena. I n  t h i s  a r t i c l e ,  w e  

wished only  t o  provide an example of t he  p o s s i b l e  connect ions.  This  work a 

Figure 5 

(1) Arb i t r a ry  Uni t s  

w i l l  b e  cont inued,  and we  hope, by means of even more c a r e f u l  experiments ,  

t o  determine abso lu te ly  the  r o l e  which t h e  l i q u i d  f i l m  th i ckness  and the  

s u r f a c e  t ens ion  of t he  l i q u i d  p l ay  with r e s p e c t  t o  the  h e a t  exchange co- 

e f f i c i e n t  and t o  the  c r i t i c a l  f l u x  ("burn-out"). 

S c i e n t i f i c  T r a n s l a t i o n  Serv ice  
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